Introduction
Desmin-related myopathy (DRM) is a rare condition characterized by skeletal muscle weakness with frequent cardiac involvement because of abnormalities of desmin, which is the main component of intermediate filament protein expressed in skeletal, cardiac, and smooth muscle. The clinical manifestations of DRM have been reported to be highly variable. The present article highlights a specific desmin variant (DES, c.1360C.T; p.Arg454Trp) in 2 unrelated cases, which is highly penetrant, portends poor prognosis, and warrants careful electrophysiological evaluation.
Case reports Case 1
The first patient was a Southeast Asian woman who presented at the age of 18 years for the investigation of palpitations. Holter monitoring showed frequent premature ventricular complexes (800 over 24 hours). Her echocardiogram was normal, and she was managed conservatively. At the age of 24 years, she presented with fatigue and had complete atrioventricular block ( Figure 1A) . A dual-chamber pacemaker was implanted.
The patient then presented at the age of 30 years with sudden collapse; she was successfully defibrillated, and interrogation of her pacemaker confirmed ventricular fibrillation ( Figures 1B and 1C) . The arrhythmia was not pausedependent, and her pacemaker was functioning normally. Her echocardiogram, computed tomography scan, and positron emission tomography scan were normal. There was no family history of premature sudden death or syncope. Her pacemaker was upgraded to an implantable cardioverterdefibrillator (ICD).
Whole exome sequencing filtering for rare variants (allele frequency ,0.001) in 174 cardiac genes revealed a heterozygous missense variant in DES (NM_001927.3: c.1360C.T; p.Arg454Trp), which was classified as likely pathogenic. There was also a missense variant in KCNH2 of uncertain significance, KCNH2 (NM_000238.3: c.1982C.T; p.Ala661Val). To date, all other family members have declined genetic testing. Although the proband denied overt neurological symptoms, subsequent neurological examination revealed mild peripheral weakness. No further arrhythmias have been detected, and her left ventricular function has remained preserved over a 30-month follow-up.
Case 2
The second patient was a Caucasian man who presented at the age of 17 years with fatigue and exertional dyspnea. A year later, he had 2 seizures that were initially thought to be due to epilepsy. At the age of 20 years, he presented with further seizures and was found to have complete heart block ( Figure 2 ). His echocardiogram showed mild concentric left ventricular hypertrophy with preserved systolic function. A diagnosis of hypertrophic cardiomyopathy was considered, and a dual-chamber pacemaker was implanted. During follow-up of the pacemaker, several episodes of VT were recorded and the pacemaker was upgraded to an ICD. His left ventricular function progressively deteriorated, and he underwent cardiac transplantation at the age of 24 years. The pathology of the excised heart demonstrated biventricular cardiomyopathy with areas of fibrosis, myocyte disarray with anisonucleosis, and dysplastic changes in intramyocardial arteries. The left ventricular wall thickness was 15-20 mm.
Genetic testing (using a commercial 65-gene "cardiomy- of heart disease or premature sudden death. Cascade genetic testing of his parents was negative, suggesting a de novo event. At the age of 31 years, he reported increasing skeletal muscle weakness. Neurological investigations confirmed peripheral myopathy. He has remained well since the transplant, although his muscle weakness has slowly progressed.
Discussion
DRM is rare inherited skeletal and cardiac myopathy that was first described in 1998 by Goldfarb et al 1 and Muñoz-M armol et al. 2 It is usually due to mutations in the DES gene, although it may be infrequently caused by mutations in the alpha-B crystallin gene (CRYAB).
3 DRM is usually inherited in an autosomal-dominant pattern, but de novo mutations have been described.
Desmin is located at the Z lines where it connects the intermediate filament to the sarcolemmal membrane and nuclei ( Figure 3A) . Desmin plays an important role in maintaining muscle cell integrity and stability. It is also involved in mitochondrial function and positioning. Desmin is more abundant in cardiac muscle than in skeletal muscle, and it is highly expressed in the Purkinje system. 4 The DES gene is localized to chromosome 2q35 and consists of 9 exons spanning 8.4 kb. The mature protein consists of 470 amino acids that assemble into a head, alpha-helical rod, and tail domain.
Currently more than 50 DES mutations have been identified.
Although the exact pathophysiological mechanism is not fully understood, it is hypothesized that abnormal desmin function increases the susceptibility of muscle fibers to degeneration, especially after repetitive strain. 5 Mutations in DES alter the intrinsic biophysical properties of the filament itself and/or its ability to bind with other cytoskeletal proteins.
6,7 DES mutations have also been associated with mitochondrial dysfunction and abnormalities in the intercalated disc.
DRM is characterized by progressive skeletal muscle weakness, cardiomyopathy, and cardiac conduction disease. Clinical presentation, onset, and rate of progression are highly variable. The first symptom of the disease is usually muscle weaknesses with onset in the second or fourth decade of life. Distal weakness and atrophy of the lower extremities is typical. As disease progresses, the upper extremities, proximal leg, and the trunk muscles may also become affected.
Cardiac involvement is reported in up to 70% of patients. Cardiomyopathy, arrhythmias, and conduction disturbances can be observed in varying degrees and can occur independently of each other with inter-and intrafamilial variability. Different phenotypes of cardiomyopathy related to DRM have been described, including dilated, restrictive, and hypertrophic cardiomyopathy and arrhythmogenic right ventricular cardiomyopathy. 3, [8] [9] [10] In general, conduction system disease coincides with cardiomyopathy but it has also been reported in patients without overt cardiomyopathy. 3 In a recent review of DRM, van Spaendonck-Zwarts et al 3 reported that the onset of cardiac disease occurred at a mean age of 35 years. Patients with isolated cardiac disease were more likely to harbor mutations in the head or tail domains of the DES gene. Atrioventricular block and ventricular arrhythmia were observed in 30% and 5% of DES mutation carriers, respectively. Cardiomyopathy was observed in 49% of carriers. Cardiac transplantation was performed in 4%, and ICD implantation in 4% of carriers. Death was reported in 26% of carriers at a mean age of 49 years. Specifically, sudden cardiac death was observed in 4% and death from heart failure was observed in 8% of carriers.
The specific variant DES c.1360C.T; p.Arg454Trp is located in the carboxy-terminal "tail" domain ( Figure 3B ). In vitro studies have suggested that it has deleterious effects on the myoblast cytoskeleton with diminished biomechanical properties and altered myocyte metabolism. 11 Immunohistochemistry of myocardial tissue showed that the variant was associated with abnormalities in the intercalated disc, with absence of desmin, and with reduced expression of desmoplakin, plakophilin 2, and connexin 43. 10 The variant is absent from the Exome Aggregation Consortium and Genome Aggregation databases, and a literature review yielded 8 other characterized cases of the same variant described in 4 publications. [10] [11] [12] [13] It was also included in a compendium of mutations in patients with myopathy in 2 other articles but individual phenotypic information was not available. 14, 15 The presentation of the patients is summarized in Table 1 . Patients presented at a mean age of 17 6 4 years, and 70% were male patients. Complete atrioventricular block was observed in 80% of patients during follow-up. Ventricular arrhythmias requiring ICD implantation was observed in 30%. Progressive left ventricular impairment occurred in 80% of patients. A combined end point of ICD implantation, transplantation, or cardiac death
KEY TEACHING POINTS
Desmin-related myopathy (DRM) is characterized by skeletal muscle weakness with frequent cardiac involvement. The clinical manifestations of DRM are variable.
The desmin variant (DES, c.1360C.T; p.Arg454Trp) is highly penetrant and is associated with an accelerated and severe cardiac phenotype with a high incidence of ventricular arrhythmias, progressive cardiomyopathy, and death.
Genetic testing should be considered in patients with early-onset atrioventricular conduction disease with or without cardiomyopathy.
Urgent electrophysiological intervention and early referral for transplantation evaluation may improve outcomes in patients with this specific desmin variant.
was observed in 80% of patients at a mean age of 27 6 3 years.
Compared to other cases of DRM, this specific DES variant identifies a subgroup of patients that have an earlier onset of disease (typically before the age of 20 years) with a very severe cardiac phenotype. The variant appears highly penetrant, with the majority of patients developing heart block at an early age, followed by progressive heart failure necessitating ICD implantation and cardiac transplantation. In fact, 80% of patients with this specific DES variant 
Conclusion
Genetic testing should be considered in patients with earlyonset atrioventricular conduction disease with or without cardiomyopathy. The testing should include DES as well as other recognized genes such as LMNA and SCN5A. Identification of a pathogenic variant facilitates family screening and clinical management. Specifically, the DES variant c.1360C.T; p.Arg454Trp should be a "red flag" for clinicians, as it is associated with an accelerated and severe cardiac phenotype with a high incidence of ventricular arrhythmias, progressive cardiomyopathy, and death. As illustrated by the present cases, implantation of an ICD rather than a pacemaker in the setting of heart block as well as early referral to a transplantation center may potentially improve outcomes in patients with this specific desmin variant. 
